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Abstract 
We propose in this paper an efficient and adaptive threshold estimation method for suppressing speckle in synthetic 
aperture radar (SAR) images, based on Lapped transform (LT). Lapped orthogonal transform (LOT) is robust to 
oversmoothing, can preserve texture components better and has less computational complexity than orthogonal discrete 
wavelet transform (DWT). Since LOT is block transform, the dyadic remapping of transform coefficients are carried out 
first and then the subband coefficients are thresholded. We estimate the ‘optimal’ threshold value using two despeckling 
performance indexes namely equivalent number of looks (ENL) and edge saving index (ESI). The threshold value is then 
used in soft thresholding function to shrink the noisy LOT coefficients. Due to the use of despeckling performance indexes 
in threshold estimation, the test on real SAR images show that the proposed method notably suppresses speckle with good 
edge preservation and achieves better performance than other related methods.  
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1. Introduction 
SAR system allows imaging day and night in all types of weather. Due to the coherent imaging, the 
multiplicative speckle noise contaminates the image textures badly and hinders the human interpretation and 
further analysis. The aim of SAR image despeckling is to reduce speckle noise as much as possible while 
preserving all image textures. 
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Various spatial and transform domain despeckling techniques have been proposed in the literature. 
Traditional spatial domain filters like  Lee[1], Frost[2], GMAP[3] etc. have been proposed to suppress speckle 
noise from images. Usually these methods perform well in suppressing the speckle noise but show limitations 
in preserving important features and details of the true image. Zhang et. al [4] proposed a bilateral filter based 
despeckling technique where its two parameters are estimated using despeckling evaluation indexes ENL and 
ESI. This method was demonstrated to have achieved both efficient speckle reduction and edge preservation 
simultaneously.  
In the recent years, there has been some interest in using the LT as a tool in image denoising applications 
[7], [8], [9]. LTs are well known due to its feature of robustness to oversmoothing. In LT based image 
denoising approaches, the lapped orthogonal transform (LOT) is applied on the noisy image and since LTs are 
block transform (composed of M pass-band filters) the block LOT coefficients are rearranged  in octave-like 
form and then the subband coefficients are modeled similar to DWT coefficients. LOT is orthogonal with good 
energy compaction so both signal and noise modeling can be performed well in the same domain. Since LOT 
basis functions are derived from discrete cosine transform (DCT), fast LOT computation algorithms are also 
available. It has been shown that LT in comparison to fastest possible implementation of ‘9/7’ DWT via lifting 
requires less computations [10]. LTs have relatively sharper frequency attenuation properties of M filters which 
possibly reduces aliasing across the subbands. In [8], it was established that generalized Gaussian distribution 
is the most appropriate distribution which models the statistics of dyadic remapped LOT coefficients of 
logarithmically transformed reflectance image. In [11], authors apply the enhanced Lee filter in LOT domain to 
despeckle SAR images. 
Motivated by Zhang et al.’s work [4], we propose an efficient LT based SAR image despeckling method 
based on soft thresholding operation. The ‘optimal’ threshold is estimated using despeckling performance 
indexes. The proposed method when compared to other related methods achieves better speckle reduction and 
edge preservation with less computational complexity. The paper is organized as follows: In section 2, we give 
a brief description on LOT. Statistical modeling of SAR images and corresponding LOT coefficients is 
presented in section 3. Section 4 provides the description of the proposed technique. Experimental results are 
presented in section 5. Finally, a conclusion is given in section 6. 
2. Lapped Orthogonal Transform (LOT) 
As an alternative choice to block DCT, Malvar [12] introduced LOT with significantly reduced blocking 
artifacts. The LOT bases are derived from DCT basis functions having length 2M for a block of M samples. 
The LOT basis functions are longer than the size of blocks which smoothly decay to zero at the block 
boundaries. 
A LOT matrix which may not be optimal is computed using [12] 
 
                                                                                                                                                             (1) 
 
where 
eD and 0D matrices (size of M x / 2M ) contain even and odd DCT functions respectively. The matrix 
J denotes a counter identity matrix. 
The optimal LOT matrix is calculated using 0P PZ= where Z is optimal and also orthogonal. With fixed 
xxR and P in the covariance matrix
' '
0 xxR Z P R PZ= , when 0R is diagonal it means that when the columns of 
Z are the eigen vectors of ' xxP R P , the transform coding gain is maximized. The LOT matrix 0P is optimal 
when computed with such Z matrix. In [13], Xiong et. al introduced a dyadic remapping feature of the block 
DCT coefficients where transform coefficients can be rearranged in octave-like decomposition form. They 
show that 8 8´ block DCT can be viewed as a 3 level wavelet-like decomposition form. 
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Malvar [10] introduced a similar dyadic remapping feature of LT coefficients and used it with zero tree 
quantizer for natural image compression. The block LT coefficients ( M samples) can be rearranged into 
octave-like form with 2logJ M= decomposition levels. Fig. 1(b) and Fig. 1(c) shows LOT block 
decomposition and corresponding dyadic remapping of LOT coefficients respectively. 
 
   
(a)                                                   (b)                                                    (c) 
Fig. 1. Octave-like representation of block LOT (M=8) coefficients (a) ‘Cameraman’ image (b) LOT block decomposition (c) Dyadic 
remapping from image (b) 
3. Statistical modeling of SAR images and corresponding LOT coefficients 
Assuming the speckle to be fully developed, the model of SAR image is expressed as 
 
                                                         ( , ) ( , ) ( , )SAR SAR SARZ i j Y i j i jh=                                                                (2)      
                                              
where ( , )SARZ i j be the SAR image, ( , )SARY i j be the corresponding reflectance and ( , )SAR i jh be the 
multiplicative noise component . The distribution of speckle noise for an L -look SAR image has a Gamma 
distribution. 
 
                                                                                                                                                                         (3) 
                                       
Applying log transformation on both sides of (2), we have 
 
                                                                  Z(i,j) = Y(i,j) + N(i,j)                                 (4) 
 
where Y(i,j) , Z(i,j)  and N(i,j) denotes the logarithms of  ( , )SARY i j , ( , )SARZ i j and ( , )SAR i jh respectively. The 
statistics of log transformed speckle noise can be modeled using Gaussian distribution. In this paper, we handle 
the speckle suppression problem in LOT domain. After applying LOT to (4), the dyadic remapped LOT 
coefficients are expressed as         
                                                                                                                                                                         (5) 
 
where ( , )pqz i j , ( , )pqn i j  and ( , )pqy i j represents the dyadic remapped LOT coefficients at ( , )thi j position with 
orientation p at level q of the log transformed SAR image, the corresponding log transform speckle noise 
contribution and the corresponding log transformed clean version of SAR image respectively. Since LOT is 
orthogonal, the log transformed speckle noise in LOT domain still is additive white Gaussian with zero mean 
and standard deviation 
ns . It has been shown that the histograms of dyadic remapped LOT coefficients in each 
subband for approximately noise-free SAR images is highly non Gaussian with sharp peaks around zero and 
heavy tails [8]. This shows that the LOT is sparse and has small number of non-zero coefficients. The simple 
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thresholding of dyadic remapped LOT coefficients of log transformed SAR images may lead to significant 
speckle noise reduction. The aim of this study is to estimate an ‘optimal’ threshold which provides efficient 
speckle suppression and good edge preservation simultaneously. 
4. Proposed LOT based despeckling method 
The objective of SAR image despeckling is to achieve an estimate ˆ( )Y Z of the clean SAR image using a 
despeckling procedure which ‘smoothes’ out the effect of N on Z while preserving all the important features 
in Y . Since, the distribution of noise N is Gaussian , it is spatially uncorrelated and also with that of  Y . The 
method ˆ( )Y Z should despeckle well for various kind of images tY YÎ , hence the objective of despeckle here is  
to minimize the value of                             . In order to maintain smoothness of the original image Y , the  
 
following condition must be imposed [5]  
 
                                                                ˆ( ( )) ( )LOT Y Z LOT Y£            (6) 
 
An estimation of noise-free SAR image ˆ( )Y Z satisfying the given smoothing condition in (6), can be given 
by soft thresholding in orthogonal LOT domain, where the threshold s depends on variance of noise component 
N [5]. The despeckling procedure can be written as  
 
                                                               1ˆ( ) ( ( ))sY Z LOT T LOT Z
-=                                                              (7) 
 
where the soft thresholding function (
sT ) is expressed as [5] 
 
 
 
                                                                                                                                                                       (8) 
 
 
Since the threshold s  depends on standard deviation of noise, the ‘optimal’ threshold can be written as 
ns ks= . By ‘optimal’ k selection, optimum filtering results can be achieved. The various steps involved in 
LOT domain soft thresholding based filtering for SAR image despeckling is summarized as follows: 
1. Perform log transformation of the SAR image 
2. Apply the 2D LOT on the log transformed SAR image. 
3. Rearrange the block LOT coefficients in octave-like decomposition form 
4. Apply soft thresholding operation in each detail subband with threshold 
ns ks= . 
5. Rearrange the coefficients into block decomposition form. 
6. Apply the inverse 2D LOT of the coefficients obtained in step 5. 
7. The mean of log transformed noise is subtracted from the result obtained in step 6. 
8. Perform exponential operation of the result obtained in step 7. 
4.1. ‘Optimal’ threshold selection based on despeckling evaluation indexes  
  It has been witnessed in the past that despeckling techniques usually show trade-off between speckle 
reduction and edge preservation. Motivated by Zhang’s [4] approach for parameter selection of bilateral filter 
based on despeckling evaluation indexes, we propose to estimate the ‘optimal’ soft threshold using despeckling 
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evaluation indexes - ENL and ESI. Equivalent numbers of looks (ENL) indicates the degree of speckle 
suppression in homogeneous regions, which is expressed as  
                                                                                                                                                                          
                                                                                                                                                                              (9) 
 
where ˆ{ }SARE Y and ˆvar{ }SARY  are mean and variance in a given homogeneous region. High ENL value shows 
better speckle reduction. Edge saving index(ESI) represents edge saving ability of a despeckling algorithm and 
is calculated in horizontal ( HESI ) and vertical directions ( VESI ). HESI and VESI are expressed as 
 
 
                                                                                                    (10) 
  
 
where SˆARY is despeckled image and SARZ is the real SAR image. r and c are the number of rows and columns 
in the SAR image. 
 
 
                                                                                                (11) 
 
 
 
 
 
 
(a)                                                                 (b) 
                                                      Fig. 2. (a) ENL variation with threshold (b) ESI variation with threshold  
 
The large ESI indicates better edge preservation.  
     It should be noted that much larger or much smaller threshold value would respectively result in over-
smoothing or leave the speckle unfiltered. Since the threshold increase results in increase of smoothing in 
image, the ENL increases and thus ESI decreases (Fig.2).  In order to find the ‘optimal’ threshold which 
provides best edge preservation and speckle smoothing simultaneously, we propose to estimate the threshold 
using following steps: 
1. Calculate 16 values for ik ( 1,..........16)i = with initial value setting at 2.0 and step length setting at 
0.1. 
2. For each ik ( 1,..........16)i =  
(a) Apply LOT domain soft thresholding based filtering to SAR image with threshold i ns k s= . Obtain 
the despeckled SAR image and denote the result by V . 
(b) Compute iENL and iESI  of V  
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3. Consider ik ( 1,..........16)i = as abscissa, normalized iENL ( _ ( 1)N ENL i - ) and normalized     
iESI ( _ ( 1)N ESI i - ) as ordinates, plot two curves 
4. When i satisfies _ ( 1) _ ( 1)N ENL i N ESI i- < - and _ ( 1) _ ( 1)N ENL i N ESI i+ > + , then the 
intersection  point abscissa is the approximate k parameter in ns ks= . 
 
 
                                     (a)                                                                      (b)                                                               (c) 
Fig. 3. Estimation of threshold for three different real SAR images 
 
Fig. 3 shows the estimation of threshold for three real SAR images. 
5. Experimental results 
This section presents despeckling results of the proposed method using real SAR images. For comparison, 
one traditional and one recent related method are tested. In the absence of clean images, the despeckling 
evaluation indexes like ENL, ESI and visual inspection of ratio images are widely used. ENL measures the 
degree of speckle reduction in a given homogeneous region and ESI measures the degree of edge preservation. 
In case of multiplicative speckle, the ratio of real SAR image to the filtered version is a speckle. The visual 
inspection of ratio images provides important information on despeckling performance. In the experiments, we 
use real SAR images shown in Fig.4. Two homogenous regions in each SAR image are used for ENL 
computations. Region 1 and Region 2 in ‘horsetrack’ image comprise of 30x43 and 40x35 pixels, in ‘hangars’ 
image comprise of 20x30 and 12x33 pixels and in ‘elpuente’ image comprise of 38x62 and 34x62 pixels 
respectively. The despeckling performance of proposed method is compared with traditional Gamma MAP 
(GMAP) [3] filter and one recent bilateral filtering based method (Bil-S) [4]. Table I shows that the proposed 
method yields high ENL and ESI values in most of the cases.  
     
 
    
                                                       (a)                                                 (b)                                                  (c) 
Fig.4. Three real SAR images used in experiments (a) ‘horsetrack’ (b) ‘hangars’ (c) ‘elpuente’. (Image Source: Sandia National 
Laboratories and AIRBUS Defence and Space)   
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For a few cases the Bil-S method shows very large ENL value but it is achieved at the cost of oversmooth 
images which is clearly evident from its very low ESI values. The proposed method (Fig.5(d)) in comparison to 
other methods, effectively reduces speckle in homogeneous regions. Bil-S also reduces speckle well but strong 
oversmoothing of important details is also observed (Fig. 5(c)). The Bil-S ratio image (Fig. 6(c)) exhibits clear 
sharp traces of edge structures which indicates undesired strong oversmoothing of edge structures. The ratio 
image obtained using proposed method (Fig. 6(d)) looks comparatively more noisy with relatively weak traces 
of edge structures which indicates relatively less oversmoothing of important details. The GMAP method in 
comparison to other two shows less speckle smoothing with blurring of important details. 
Table 1. ENL and ESI values obtained by different despeckling algorithms for three real SAR images 
 ‘horsetrack’ 
 ENL ESI 
Region1 Region2 ESIH ESIV 
Original 11.43 15.57 1 1 
       GMAP[3] 35.85 80.62 0.3300 0.3535 
  Bil-S[4]   68.89 119.51 0.3346 0.3827 
  Proposed 68.35 302.52 0.4885 0.5506 
 ‘hangars’ 
ENL ESI 
Region1 Region2 ESIH ESIV 
Original 11.18 12.35 1 1 
       GMAP[3] 25.73 31.89 0.3823 0.3967 
  Bil-S[4]   139.78 168.43 0.3276 0.3243 
  Proposed 34.15 67.70 0.8139 0.8956 
 ‘elpuente’ 
ENL ESI 
Region1 Region2 ESIH ESIV 
Original 12.92 14.37 1 1 
       GMAP[3] 87.66 54.24 0.2767 0.2560 
  Bil-S[4]   114.28 68.79 0.2752 0.2597 
  Proposed 134.46 70.51 0.4106 0.3639 
 
 
     
 
 
 
 
 
           
(a)                                               (b)                                                 (c)                                               (d) 
Fig. 5. Despeckled images for ‘horsetrack’ SAR image (a) Original image (b) Using GMAP [3] filter (c) Using Bil-S [4] method (d) Using 
proposed method 
 
The computational complexity is estimated using the execution times of the MATLAB code. The MATLAB 
non optimized codes of GMAP, Bil-S and proposed methods are executed on a laptop with Intel core i3-3110M 
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CPU 2.4 GHz, 4 GB RAM whose time of execution for 256x256 image are 0.57s, 49.77s, 2.61s respectively. 
The MATLAB execution time of the non optimized code for GMAP method is observed to be very less 
compared to all other methods, but its despeckling performance is also much below than that of proposed 
method and Bil-S method. The proposed method, despite its superior despeckling performance over Bil-S, 
requires much less execution time. 
 
 
 
                           (a)                                                 (b)                                                  (c)                                                  (d)                                 
Fig. 6. Ratio images for ‘horsetrack’ (a) Original image (b) Using GMAP [3] (c) Using Bil-S method [4] (d) Using proposed method 
6. Conclusion 
This paper has presented a LOT based despeckling method which uses soft thresholding technique to shrink 
the coefficients. We have introduced a new method of estimating ‘optimal’ threshold which is based on ENL 
and ESI indexes. Experimental results show that the proposed method provides effective speckle suppression as 
well as detail preservation with much less computational complexity compared to one recent related method. 
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